The continuation of an analytical and numerical study of intense relativistic electron beam generation by foilless diodes is proposed. The investigation is aimed at optimizing the diode design to produce a laminar flow.
The goal of the study is to determine the feasibility of using a foilless diode to produce a 5 to 50 MeV electron beam for several applications, including high-density plasma heating, submillimeter microwave generation, and collective ion acceleration.
In conjunction with a 5 to 50 MeV particle energy, these applications 19 22 3 ultimately require a beam energy density of 10 to 10 eV/cm . This implies 2 a current density of 50 to 500 kA/cm , but not necessarily a large net current. 
where n, and n are the beam and plasma electron densities, respectively.
Much of the preliminary research effort consisted of the development of an 2-4 electron emission algorithm for the existing particle-in-cell code, CCUBE, and ol numerical simulations of elementary shaped foilless diodes. The simulations have included parameter studies of the external magnetic field and anode shaping."
For truncated coaxial diodes, the results indicate that for w < UJL , the diode current is limited by the impedance of the transmission line supplying power to the diode. Defining B as the external magnetic field, w = eB /me z 2 |/£ c z U 2 |£ is the cyclotron frequency, UL = (4/ln,e /m~) is the beam plasma frequency, n, is the beam electron density, e is the magnitude of the electron charge, m.
is the electron rest mass, and c is the speed of light. If the applied magnetic field strength is increased such that ut > ux, , the electron beam is confined to a radius sufficiently small compared to the anode radius that the total current that can propagate down the evacuated drift tube is limited by spacecharge. However, the current density appears to be limited only the thickness of the annular beam. In fact, the space-charge limiting current actually increases as the current density increases, that is, as the thickness of the annular beam decreases. 2
Current densities exceeding 200 kA/cm have been obtained in the simulations at 5 !IV, without any special design effort or recourse to adiabatic compression of the beam. Because of the relative ease with which one can produce a high-density beam from a foilless diode, it is proposed that the major research effort be directed toward improving beam quality, as the elementary diode designs have produced beams with an angular scatter of about 100 mra^.
For most applications a scattering angle of 30 mrad or less is desirable.
The source of the beam scatter appears to be caused by a lack of beam equilibrium at the emission surface, and it is felt that careful design of the anode and cathode shape can greatly reduce the source of beam scatter. A combined analytical and fully time-dependent simulation effort is proposed. Continued funding of toilless diode studies by the AFOSR is proposed.
The total cost of the 18-month study is $145 500: $95 000 requested from AFOSR and $50 500 contributed from LASL.
Results of the study will be reported in the scientific literature, if appropriate, and also in a document in a form specified by the AFOSR. The results of the study will be incorporated into an experimental investigation on the 7-MV Pulserad 1590 located at the Air Force Weapons Laboratory (AFWL) and on the 5.5 MV Maxibeam 5.5-150 at LASL.
II. RESULTS OF PRELIMINARY STUDY
Two series of simulations were performed using elementary diode designs to determine the effects of applied axial magnetic field strength and simple geometry changes. Specifically, the parameters of the simulations have The electrical equivalent of the circuit used in foilless diode simulations . 
IV. PROPOSED RESEARCH PROGRAM
A.
Beam Equilibrium
Emission from the cathode of the foilless diode is space-charge limited.
This means the electrons are emitted with a very small initial velocity. However, a relativistic electron beam must rotate to maintain an equilibrium.
Therefore, as the beam seeks an equilibrium, perturbations may be introduced that lead to thermalization of the beam. Furthermore, the presence of the cathode shorts the radial electric field at that point, a process that can launch a zero-frequency cyclotron wave on the beam. This wave is a nonpropagating wave whose wavelength, A., is given by
c where io is the nonrelativistic cyclotron frequency, c is the speed of light and y is the Lorentz factor. The presence of this perturbation is clearly illustrated in the particle map of a foilless diode simulation shown in Fig. 3(e) .
Thermalization from the zero-frequency cyclotron mode arises because the Lorentz factor is a function of radial position, r, within the beam. For example, for a uniform annular beam of density, n, , outer radius, R , and inner radius, R., the Lorentz factor is given by \(r) = V« " 2nn,e /m. [ (R -r )/2 + R. In r/R + R In R /R ] ,
where R is the radius of the conducting tube in which the beam propagates.
-C "
Here, y n = 1 + eV/m.c and V is the potential across the diode. Because of the radial dependence of y, the wavelength of the zero-frequency cyclotron mode varies radially across the electron beam. This results in an effective phase mixing that leads to thermalization of the beam, the amount of thermalization depending on the amplitude of the perturbation. 7 There are several ways to minimize this type of thermalization. For instance, shaping the cathode to produce a thin beam not only increases the current density but decreases the spread in y across the beam. Similarly, as can be seen from Eq. (4), reducing the radius of the anode wall reduces the spread in y. However, the simulations indicate that this must net be done abruptly or else impedanre mismatches will occur.
To isolate the effect of varying the anode radius on beam equilibrium, a simulation was performed with a beam injected through an anode foil into a converging drift tube. The beam has an inner radius of 8 mm and and outer radius of 1 cm. Because the foil shorts the radial electric field, a large amplitude zero-frequency cyclotron wave is produced. Figure 7 shows the rapid phase mixing associated with these perturbations for a beam injected into a straight drift tube, while Fig. 8 shows a reduced mixing for the beam propagating into a converging drift tube. In addition, the Lorentz factor increases significantly as seen in Fig. 9 , thus reducing the growth rate of the Diocotron instability. Particle kinetic energy of a 6-MeV, 75 kA relativistic electron beam injected into an evacuated drift tube. As the beam propagates into the converging outer conductor region, the magnitude of the Lorentz factor increases.
In addition to anode shaping, shaping of the cathode can lead to a smooth launching of the beam, which reduces the amplitude of the perturbation. In fact, some progress has been made in this area already for the case of the r, -n • n j T 10,11
Rrillouin flow mod^l.
Much of the effort so far has been numerical. A computer simulation model has been developed, which has provided insight into the physics of diode design. The next stage of the investigation will include analytical studies to determine the shape of anode and cathode, which minimizes thermalization of the beam. The models will then be checked against the computer simulations and against experiments planned at AFWL and LASL.
B.
Coaxial Feed
To obtain a well-collimated relativistic electron beam from a highimpedance foilless diode, it is necessary to understand the power flow through the coaxial feed. In particular, a constant impedance along the entire coaxial feed is desired. Because well-collimated electron beams require external magnetic fields in the region of the diode, the region of the coaxial feed near the diode will be immersed in an axially-dependent external magnetic field, as depicted in Fig. 10 . In the figure, region I represents a self-magnetically insulated length of coax, region II represents a transition section in which the external magnetic field is axially dependent, and region III represents an external-magnetically insulated length of coax. Table I .
Thus, the impedance of self-magnetically insulated coaxial transmission lines is always less than the geometrical impedance of the line. In carrying out foilless diode simulations, it appears that the impedance of an external-magnetically insulated roaxial transmission line approaches the geometrical impedance as the external magnetic field strength is increased. Thus, the selfmagnetically insulated line shown in Fig. 10 is overmatched and will result in a loss of electrons to the outer wall. Electrically, the configuration shown Illustration of the three regions of a coaxial feed for a foilless diode. Illustration of an impedance matched coaxial feed for a foilless diode. 
D. Code Development
The particle-in-cell simulation code, CCUBE, now provides a fully relativistic time-and space-dependent treatment of space-charge limited diode emission. At present only simple cathode and anode shapes can be treated. Some of the future studies will require the code to be modified to allow treatment of more general electrode designs. Improvements will be made on the treatment of applied external magnetic fields. Diagnostics will probably need to be added and modified for proper evaluation of diode designs.
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V.
WORK STATEMENT
The investigation shall include a study of the effects of shaping the cathode, the anode, and the applied magnetic field. The main emphasis of this work will be on obtaining a general understanding of diode design,which optimizes the laminar flow of the beam. Analytical treatments of these effects will be made to as great an extent as possible.
The results of the analytical treatments will be tested against simulations obtained from CCUBE and against available experimental results. Modifications and improvements in the simulation code will be made as necessary to evaluate the diode designs.
Effects of emission ^long the coaxial line leading to the cathode will he studied. In particular, the effects of the varying external magnetic along this line and how it impacts diode performance will be investigated.
Adiabatic compression of the beam will be studied to determine the size of the gradient in field strength required to maintain laminar flow.
VI. TERN
The work will be initiated on April 1, 1979, or upon receipt of authorization from the Department of Energy to proceed, whichever is later. The duration of the proposed study is 18 months. If authorization is not received by August 1, 1979 , it may become necessary to modify this proposal.
VII. REPORTING
Results of the study will be reported as required by the AFOSR. If appropriate, the results of the study will also be reported in the scientific li terature. Mostrom, B. Newberger, and R. Shanahan of Group T-15 (LASL), and C. Clark of AFWL will act as technical consultants for the proposed study.
